1. Introduction {#s0005}
===============

The total number of Caesarian sections (C-sections) has dramatically increased during the last decades; from 15% in 1990 to 27% in 2011 of all live births in industrialized countries ([@bb0140], [@bb0145]). This is worrisome as delivery by C-section has been associated with early life morbidity, including respiratory distress directly after birth ([@bb0100]), hospitalization for respiratory syncytial virus infection ([@bb0115]), and long-term health problems, including development of asthma later in life ([@bb0065], [@bb0170]). One hypothesis that explains the association between the increase of infant disease and the mode of delivery is a disrupted mother-to-child bacterial transmission and thereby altered microbial colonization patterns in children born by C-section ([@bb0115]). Depending on mode of delivery, children are exposed to either the maternal vaginal and intestinal microbiota (vaginal delivery) or skin and environmental microbiota (C-section), leading to distinct microbial acquisition shortly after birth ([@bb0040], [@bb0150]). This suggests that mode of delivery is likely to have profound impact on both the structure of early and late microbiota, as well as on processes depending on microbiota development, i.e. immune maturation, epithelial integrity, microbial tolerance, and pathogen resistance ([@bb0075]).

The upper respiratory tract is the natural niche for respiratory bacterial and viral pathogens and the origin for consecutive respiratory tract infections (RTI). Potential pathogenic bacteria are embedded in a community of commensals, jointly forming the nasopharyngeal microbiota. Microbial colonization succession is highly influenced by environmental factors, host factors, and bacterial acquisition during the first years of life ([@bb0110]). Recently, we published a first crude picture of microbiota development in children over the first two years of life ([@bb0020]). Despite large sampling intervals, the composition of the nasopharyngeal microbiota appeared highly dynamic, especially in the first six months of life. As we hypothesized that a balanced microbiota is more resilient to bacterial acquisition and overgrowth, we focused on the stability of the microbial profiles. Intriguingly, early microbiota composition (six weeks of life) predicted microbiota stability over the first two years of life: stable profiles were associated with (exclusive) breastfeeding and fewer respiratory tract infections in the consecutive period ([@bb0015], [@bb0020]). These findings indicate that there is a window of opportunity during early life where a stable microbial signature is formed, that is associated with protection against respiratory symptoms. These data are supported by both epidemiological ([@bb0185]) and murine ([@bb0060]) data. Although timing and order of exposure to specific groups of microbes, like mediated by mode of delivery, may have crucial consequences on development of the microbial profile, studies investigating the respiratory microbiota of healthy young children in detail in a longitudinal fashion are lacking.

We therefore decided to study the dynamics of the nasopharyngeal microbiota in relation to mode of delivery in detail, from birth until the age of six months in 62 vaginally delivered children and 40 children born by C-section.

2. Materials and Methods {#s0010}
========================

Details can be found in the Supplemental data.

2.1. Study Population {#s0015}
---------------------

Upper respiratory (nasopharyngeal) samples were obtained from 102 healthy children who participated in an ongoing prospective birth cohort study. The primary aim of this study is to characterize the development of the respiratory microbiota in term children born vaginally (n = 62) compared to children born by C-section (n = 40). Inclusion criteria at baseline were term birth (gestational age \> 37 weeks). Exclusion criteria were major congenital anomalies, severe maternal or neonatal complications during birth, language barrier, intention to move outside the research area, or parents under 18 years of age. All participants were born between December 2012 and June 2014. Written informed consent was obtained from both parents before birth of the child. Participants did not receive any financial compensation. An acknowledged national ethics committee in the Netherlands (METC Noord-Holland, committee on research involving human subjects) approved the study (M012-015, NTR3986) and the study was conducted in accordance with the European Statements for Good Clinical Practice.

2.2. Data Collection {#s0020}
--------------------

At baseline, data were collected on prenatal and perinatal characteristics. Follow-up of participants in the current study included visits directly post-partum, 24--36 h after delivery, and at 7 days, 14 days, and one, two, three, four, and six months of age. Deep nasopharyngeal swabs and a questionnaire on the health status of the child, including respiratory symptoms, were obtained during each visit by a trained research team of doctors and research nurses.

2.3. Construction of the Phylogenetic Library {#s0025}
---------------------------------------------

Bacterial DNA of the nasopharyngeal samples was isolated using a mechanic disruption method as described previously ([@bb0010], [@bb0190]). Only samples with a bacterial density of at least 0.3 pg/μl above the background (DNA quantity of the negative controls) as measured with Real-Time PCR were analyzed to avoid interference of background DNA. After amplification of the hypervariable V4 region of the 16S rRNA gene, samples were sequenced by Illumina MiSeq (Illumina Inc., San Diego, CA, USA). Since the samples collected postpartum and at day one generally had very low DNA density, we further analysed 12 samples obtained at those time points that did not meet the inclusion criteria, however had shown to generate an amplicon in the16S qPCR and had generated \> 200 reads in the sequence run. We used complete linkage hierarchical clustering based on the Bray-Curtis dissimilarity matrix including a broad set of negative controls (blanks) which had also generated \> 200 reads (n = 16). We were able to make a distinction between samples that had significant different microbiota profiles (n = 9) and samples that did not (n = 3). Based on these results, we excluded the latter samples from further analyses. Sequences were processed using modules implemented in Btrim ([@bb0105]) and Mothur V1.31.2 (([@bb0155]), for modules see supplemental methods). The unsupervised method Minimum Entropy Decomposition (MED) was used to assemble the unique sequences into high resolution oligotypes (([@bb0050]) and [oligotyping.org](http://oligotyping.org){#ir0005}; default settings were used except for the minimal substantive abundance which was set at 100). Taxonomic classification of oligotype node representatives was performed using a naive Bayesian RDP classifier. We calculated the relative abundance of oligotypes per sample and determined the Shannon diversity index to describe the microbial diversity.

2.4. Spectral Clustering {#s0030}
------------------------

To analyze the trajectory of the microbiota composition of individuals over time, an unsupervised co-regularized spectral clustering algorithm was applied to all data of the 102 children according to previously described methods ([@bb0020], [@bb0085], [@bb0175]). In short, this multiview clustering algorithm allows for 1) the identification of clusters comprised of individuals with similar microbial profiles in an unbiased and robust manner and 2) the detection of bio-marker species by using an unsupervised feature selection approach ([@bb0180]). For further detail, see supplemental methods.

2.5. Statistical Analyses {#s0035}
-------------------------

For all analyses, we used normalized microbial abundance ([@bb0020]). Differences in baseline characteristics and metadata were statistically tested using the 2-sided Chi-square or Fisher\'s exact test, and Students *T*-test where appropriate (SPSS version 21). p-Values \< 0.05 were considered significant. Calculations on Shannon diversity and observed oligotypes were performed using a Kruskal-Wallis test with Dunn\'s correction for multiple testing in GraphPad Prism (version 6).

Nonmetric multidimensional scaling plots based on Bray-Curtis dissimilarity of log-transformed relative abundances were used to visualize the differences between mode of delivery and time-dependent microbiota development. Statistical significance of the difference in the overall microbiota composition driven by mode of delivery was assessed using PERMANOVA.

To describe intra-individual changes in relative abundance and presence of microbial species over time, we calculated a relative change matrix ([@bb0070]) per oligotype for two-month timeframes. From this relative change matrix per timeframe, we calculated the magnitude of microbiota change (norm value) using L2 norm ([@bb0020], [@bb0070]). The higher this norm value, the higher the magnitude of change.

To investigate whether there is a statistically significant association between colonization trajectory (e.g. the change of the clustering profile in time) and the mode of delivery, we conducted a randomization test ([@bb0020]).

To identify biomarker species that are associated with modus partus, we evaluated oligotypes that varied in relative abundance over time between vaginally and C-section born children, independent of feeding type (EDGE package R(([@bb0160]) and tutorial "Extraction of Differential Gene Expression Version 2.0.0" March 2015, R version 3.2.0)). We conducted the analysis described above for the total dataset (n = 102 children) and for a subset of children who were exclusively breast- or formula-fed during the first six months of life (respectively n = 19 and n = 28) to rule out confounding by differences in duration of breastfeeding between groups. Resulting p-values were corrected for multiple testing using the Benjamini-Hochberg method. q-Values \< 0.05 for the whole dataset and q-values \< 0.10 for the subset were considered significant and were interpreted to suggest that there is a difference in relative abundance of a given oligotype driven by birth mode as time goes on.

We used Excel (version 2011), Python (version 2.7.8, packages Numpy, Scipy, Scikits Learn, Matplotlib), R version 3.1.2 (packages 'rChart' (Sankey plot) and 'ggplot2'), and Adobe Illustrator CS6 for visualization.

3. Results {#s0040}
==========

3.1. Population Characteristics {#s0045}
-------------------------------

Characteristics of the 102 children are depicted in Table S1. We observed a slight difference in gestational age (39.1 weeks (standard deviation 0.9) versus 39.7 weeks (standard deviation 1.1)) between children born by C-section and vaginally born children respectively. Moreover, vaginally born children were almost twice as likely to receive breastfeeding for longer than three months compared to children born by C-section (59.7% of the vaginally born were breastfed versus 32.5% of the C-section born children, p = 0.009 (Chi-square)). Otherwise, there were no significant differences between the two populations.

3.2. Sequence Characteristics {#s0050}
-----------------------------

We evaluated nine sample moments per child, for 102 children in total. We had to exclude in total 149 samples from further analyses because of bacterial DNA concentrations that were below the threshold level or provided unreliable microbiota profiles in comparison to negative control samples (91 of the 555 collected samples of vaginally born children and 58/355 for C-section delivered children and table S2). Most of these samples were collected shortly (\< 2 h and/or at 24 h) after birth. We found no significant association between the DNA concentration and mode of delivery overall or for the excluded samples (Fig. S1). The remaining 761 samples were sequenced in five Miseq runs, resulting in 18,140,708 high-quality sequences (mean 23,838 and range 9973--91,376 sequences per sample; average coverage 97%, range 94--99%), which could be assigned to 1354 oligotypes. The number of oligotypes per sample increased during the first months of life from a mean of 103 oligotypes (95% confidence interval (CI) 95--111) at one week of age to 129 oligotypes (95% CI 121--138) at three months of age (p \< 0.001, Kruskal-Wallis with Dunn\'s correction for multiple testing). Simultaneously, the Shannon diversity increased from 2.2 (95% CI 2.1--2.3) at week one to 2.5 (95% CI 2.4--2.6) at month three (p \< 0.01, Kruskal-Wallis with Dunn\'s correction for multiple testing) (Fig. S2). Although we observed no significant difference in diversity between the children born by C-section compared to the vaginally born children, we found significant differences in the overall microbiota composition over time between C-section and vaginally delivered infants (PERMANOVA unadjusted R2 = 0.004, p-value = 0.007, Fig. S3).

3.3. Dynamics in Nasopharyngeal Microbial Communities {#s0055}
-----------------------------------------------------

Overall, the most abundant genera in the first six months of life were *Corynebacterium* (25%), *Moraxella* (21%), *Staphylococcus* (19%), *Streptococcus* (11%), *Dolosigranulum* (11%), and *Haemophilus* (4%). The dominant oligotypes were *Staphylococcus* sp. *es13* (19%), *Moraxella catarrhalis*/*nonliquefaciens* (18%), and *Corynebacterium pseudodiphteriticum*/*propinquum* (17%), followed by *Dolosigranulum pigrum* (11%), *Streptococcus viridans* (6%), *Corynebacterium* sp. (4%), *Moraxella lincolnii* (3%), *Streptococcus pneumoniae* (2%), and two types of *Haemophilus influenzae* (2% and 2% respectively). By culture and whole genome shotgun analysis (data not shown), we were able to assign *Staphylococcus* sp. *es13* to *Staphylococcus aureus*, therefore this annotation will be used hereafter.

Directly after birth, we detected DNA from a mixture of bacteria, presumably from fecal, vaginal, skin, and/or environmental origin ([Fig. 1](#f0005){ref-type="fig"}a, color code represent presumed origin based on literature references). Bacterial DNA from fecal origin was exclusively found in children born by vaginal delivery, with DNA from *Faecalibacterium* and *Blautia* being detected in five out of eight samples available from vaginally born children. Furthermore, bacterial DNA from presumed vaginal origin was observed in vaginally delivered children but also in children born by C-section, especially when born by secondary C-section. Although duration of ruptured membranes differed between C-section groups, with 0 h for elective C-sections and a median of 9 h (range 0--48) for secondary C-sections (p \< 0.0001, Kruskal-Wallis), we found no direct correlation between the duration of ruptured membranes and the microbial profile postpartum, which is most likely due to a lack of power.

Around 24 h after birth we observed outgrowth of especially *S. viridans* (41% of all reads) and to a lesser extend *Gemella* spp. (12% of all reads) in almost all children born vaginally and by C-section ([Fig. 1](#f0005){ref-type="fig"}b). Subsequently, at one week of age *S. viridans*/*Gemella* profiles were replaced by niche-specific bacterial profiles containing mostly *S. aureus*, followed by *Corynebacterium* spp. and *D. pigrum*. Between the ages of two weeks and six months, *S. aureus* (45% of all reads at two weeks of age) colonization gradually declined and *M. catarrhalis*/*nonliquefaciens* (32% of all reads at six months of age), *Corynebacterium,* and *D. pigrum* emerged. In addition, bacterial colonization with *H. influenzae and S. pneumoniae* started to emerge over the first 6 months of life ([Fig. 1](#f0005){ref-type="fig"}c).

3.4. Individual Microbial Succession Patterns {#s0060}
---------------------------------------------

To gain more insight into microbial succession patterns within the study population, we used co-occurrence spectral clustering algorithms to define clusters of samples with similar bacterial co-occurrence patterns. Using this method, we identified 11 distinct clusters (Fig. S4, Fig. S5). The probabilistic assignment to a particular cluster varies between zero and one. The higher the probability, the higher the assignment of a child to a cluster. Based on biomarker analyses, we named each cluster after the most discriminative, abundant biomarker specie(s) (Fig. S6). Most samples collected postpartum and on day one belonged to three of the clusters, i.e. the *S. aureus*, *S. viridans* and the *Janthinobacterium*-dominated profiles of which the latter profile was only present directly after birth and disappeared during follow-up. From week one on, nine distinct profiles were observed: (1) *M. lincolnii* (ML), (2) *M. catarrhalis*/*nonliquefaciens* (Mor), (3) *H. influenzae* (HI), (4) *C. pseudodiphteriticum* (Cor) (5) *S. viridans* (Strep), (6) a cluster typified by high abundance of *S. aureus* at the early time points and *M. catarrhalis*/*nonliquefaciens* later on (Staph-Mor); (7) a combination of *Staphylococcus-Corynebacterium* (Staph-Cor), (8) a mix of *Moraxella-Corynebacterium-Dolosigranulum* (Mor-Cor-Dolo), and (9) a combination of *Corynebacterium-Dolosigranulum* (Cor-Dolo) ([Fig. 2](#f0010){ref-type="fig"}a). In line with the above, we observed strong age-related dynamics of the clusters over time ([Fig. 2](#f0010){ref-type="fig"}). Clusters with *S. aureus* emerged early in life and were gradually replaced by clusters dominated by *Moraxella*, *Corynebacterium*, *Dolosigranulum*, and/or *Haemophilus* species.

We calculated microbiota change over three periods, i.e. 0--2 months, 2--4 months and 4--6 months. The microbiota changed most during the first two months of life when compared to the other two intervals (p \< 0.01 and p \< 0.0001 respectively, Friedman test with Dunn\'s correction for multiple testing) ([Fig. 3](#f0015){ref-type="fig"}). Especially cluster HI was associated with a high magnitude of change (Fig. S7), and with a temporary colonization state (observed in individual children for a short period of time, i.e. only one time point). Moreover, the HI cluster was highly associated with respiratory infections as parents reported respiratory tract infection symptoms in five out of ten children in the HI cluster, (50.0%) vs 152/539 (22.0%) in the other clusters (p = 0.03, Chi-square). This association was observed independent of mode of delivery, although power was limited for this analysis.

For identifying more stringent clusters, we used a probability assignment score of \> 0.8/1.0 as a cut-off for assigning an individual sample to a specific cluster ([Fig. 2](#f0010){ref-type="fig"}c). Now, we were able to identify four very stringent clusters, dominated by *Streptococcus*, *Moraxella-Corynebacterium-Dolosigranulum*, *Staphylococcus-Moraxella*, and *M. catarrhalis*/*nonliquefaciens.* With respect to mode of delivery, we observed that children born by vaginal delivery tend to switch to the *Moraxella-* and *Corynebacterium*/*Dolosigranulum*-dominated profiles in an earlier stage compared to the children born by C-section, while the C-section born children stayed longer in the *S. aureus*-dominated profile ([Fig. 2](#f0010){ref-type="fig"}b). Moreover, time-related dynamics of microbiota development between C-section and vaginally born children appeared to be different (p = 0.015, randomization test). More in-depth analyses showed mode of delivery to be the strongest driver of *S. aureus* colonization and duration, and we found no significant other characteristics explaining duration of *Staphylococcus*-dominated colonization.

Additionally, we performed time-dependent analyses of oligotype abundance and dynamics to identify the biomarkers that are associated with modus partus, simultaneously correcting for feeding type, which is a known confounder. Over time, *C*-section born children had a higher abundance of *S. aureus*, *S. viridans*, *Gemella* sp., *S. salivarius* (q = 0.036, 0.036, 0.024, 0.036 respectively, calculated by natural spline regression models with Benjamini Hochberg correction for multiple testing) and a lower abundance of *C. pseudodiphteriticum*/*propinquum* and *D. pigrum* compared to vaginally born children (respectively q = 0.044, 0.007, natural spline regression models with Benjamini Hochberg correction for multiple testing). These patterns were most prominent at the early time points ([Fig. 4](#f0020){ref-type="fig"}a). The biomarkers identified using this approach were similar to the biomarkers of the clusters that were identified using co-occurrence spectral clustering algorithms, implicating that vaginally delivered children are more likely to develop towards the *Corynebacterium* and *Dolosigranulum* dominated profiles and less likely to stay within the *Staphylococcus* dominated profiles. Since vaginally born children in our study were more likely to be breastfed and many children switched feeding type over the duration of the study (in both mode of delivery groups), we repeated the analyses for children exclusively breast- (n = 19) or formula fed (n = 28) during the full six months of follow-up. Also in this subgroup analyses, we were still able to confirm lower abundance of *S. aureus* (q = 0.08) and higher abundance of *D. pigrum* (q = 0.08) in vaginally delivered children compared to C-section born children when corrected for feeding type ([Fig. 4](#f0020){ref-type="fig"}b).

4. Discussion {#s0065}
=============

In this prospective birth cohort study, we show the dynamics of nasopharyngeal microbiota development with special emphasis on the mode of delivery in detail, from directly after birth until the age of six months in a large group of healthy term infants.

4.1. From Initial Colonization to Niche Differentiation {#s0070}
-------------------------------------------------------

Directly after birth, different niches of the human body highly resemble each other ([@bb0040]). We confirm this to also be true for the respiratory tract at several hours after birth, showing a mixed profile of (presumed) fecal, vaginal, skin, oral, and environmental species. However, for the nasopharyngeal niche we observed niche-differentiation as early as at one week of age, with initial high incidence and abundance of *S. aureus* colonization. Furthermore, we found a dynamic process characterized by a rapid reduction in *S. aureus* and simultaneous emergence of *Corynebacterium species* and *D. pigrum*, followed by *M. catarrhalis*/*nonliquefaciens*, *S. pneumoniae*, and *H. influenzae* during the first six months of life. These profiles were also observed in other studies in young children ([@bb0015], [@bb0020], [@bb0165]). As almost all children were colonized by *S. aureus* at early age before switching to a profile characterized by *Corynebacterium*, *Dolosigranulum* and/or *Moraxella*, we speculate that *S. aureus* represents a so-called keystone species in early life, functioning as a backbone for a healthy development of the nasopharyngeal microbiota. *S. aureus* may be transferred from the skin of the parents or caregivers to the neonate. As *S. aureus* is known for its immune-evasive capacities ([@bb0095]) and induction of a low inflammatory profile of epithelium ([@bb0055]), colonization of *S. aureus* may create a milieu that is more receptive to colonization by other commensal bacteria, such as *Corynebacterium*, *Dolosigranulum*, and/or *Moraxella* spp., which in turn are associated with niche stability over time and reduced risk of respiratory symptoms ([@bb0020], [@bb0165]).

In contrast, it was found that early colonization by *H. influenzae* leads to a more pro-inflammatory profile ([@bb0055]) and is associated with an increased risk of mild ([@bb0020]) and severe respiratory symptoms, including bronchiolitis ([@bb0185]), pneumonia ([@bb0185]), and otitis media ([@bb0125]). Additionally, in our study *H. influenzae* is associated with parental-reported respiratory symptoms, which is accompanied by an unstable transient profile. Interestingly, the profile that is dominated by *H. influenzae* significantly differs from the profiles that preceded or followed a respiratory infection, suggesting that *H. influenzae* accompanies temporary dysbiosis and susceptibility to respiratory symptoms.

Although *S. pneumoniae* emerged between the ages of two and six months, in our study population it mostly showed to be a low-abundant community member of microbiota cluster dominated by other species in these first 6 months of life, which is in contrast to what we and others observed later in life where *S. pneumoniae* predominance is more commonly found ([@bb0025], [@bb0135]).

4.2. Impact of Mode of Delivery {#s0075}
-------------------------------

Mode of delivery appears to be an important driver for respiratory health ([@bb0100], [@bb0115]). Birth by C-section has been associated with differences in innate and adaptive immunity such as lower levels of Th1-related cytokines ([@bb0090]) and non-specific humoral immune responsiveness of the mucosa ([@bb0080]). These differences in immunological responses may be a consequence of differences in microbial composition, since microbial colonization has shown to affect mucosal tolerance and homeostasis by microbiota-mediated signaling ([@bb0005], [@bb0030], [@bb0035]). Although our results may suggest a limited direct impact of mode of delivery on nasopharyngeal microbiota composition directly after birth, we still observed subtle though significant differences in respiratory microbial development between children born by vaginal delivery and C-section over time. This suggests that the impact may not be mediated directly by the maternal inoculum, but rather by other indirect mechanisms such as low abundant bacteria that promote the outgrowth of new species, or by the indirect influences of microbial communities in other niches like the gut. Alternatively, lack of power to identify potential microbial drivers at the earliest time points might be a plausible explanation as well since we were only capable of profiling 15% of samples at day 0. Nevertheless, differences found in development of upper respiratory tract microbiota over the first six months of life may contribute to infant health, as C-section born children were 1) more likely to switch between clusters, indicating instability of the microbial profile, and 2) had a lower abundance of the potentially beneficial *Corynebacterium* and *Dolosigranulum*, especially in the first months of life. Both of these phenomena were related to an increase in respiratory infections over time in a previously published study ([@bb0020]). Moreover, vaginal birth as well as breastfeeding ([@bb0015]) seem to stimulate a microbial profile with (presumed) beneficial bacteria. Considering that C-section born children tend to more often receive formula feeding, which is presumed to lead to a less beneficial profile, it may be an interesting option to actively promote breastfeeding for C-section born children.

4.3. Window of Opportunity {#s0080}
--------------------------

Not only the exposure to microbes, but also the timing of this exposure is likely to have important clinical implications, as an early microbial profile seems to predict increased susceptibility to disease later in life ([@bb0020], [@bb0130], [@bb0165]) and early infections may predispose to recurrent infections later on in life ([@bb0120]). A window of opportunity was proposed in which establishing microbiota may be more dynamic and can therefore more easily be restored towards a healthy microbial profile. Although it is still unknown how long this period spans and to what extent the microbiota can be restored, results of a recently published pilot study showed that the microbiota of C-section born children partially reverted to the microbiota profiles of vaginally born children when the child was rubbed with the maternal vaginal microbiota directly after birth. The microbiota of the gut, skin, and oral niche of these children were found to be especially enriched with vaginal bacteria, which was most pronounced during the first week of life ([@bb0045]). Our data also show that the microbial succession pattern differs based on delivery mode between C-section born and vaginally delivered children beyond the first weeks of life; this could implicate that mode of delivery has a direct effect on the microbiota development and may have important clinical consequences to set an individual on a trajectory towards respiratory health or disease further in life.

4.4. Strengths and Limitations {#s0085}
------------------------------

The longitudinal study design with short time intervals allowed us to determine the microbial trajectory directly after birth until the age of six months. Strengths of our study include the consistency of data and the deep nasopharyngeal sample collection in a large, well defined and unselected birth cohort conducted by a trained research team. Therefore, we were able to describe reliably and in detail the very early dynamics in the nasopharyngeal microbiota. Enrollment took place over two consecutive years, thereby limiting potential confounding by environmental factors such as seasonal changes. Due to the prospective nature of the study, we were able to reliably correlate metadata of each time point to the corresponding microbial composition. An additional strength in this study is that direct perinatal effects of antibiotics will be minimal, since only one dose of antibiotic prophylaxis was administered during C-sections and only after the mother had delivered the child. In addition, perinatal use of antibiotics was very limited in our population with only 4/102 (4%) mothers receiving antibiotics in the first week of the infant\'s life. Therefore, we expect minimal direct influence of prophylactic/perinatal antibiotic use on the development of the neonatal microbiota. Moreover, in this study we used the more advanced oligotyping technique allowing us to annotate bacteria more commonly up to species level. Lastly, we used robust, unbiased, machine learning methods to determine clusters of similarity and the change in microbial succession over time.

Our study has some limitations; first, despite the short sampling intervals, the microbial composition at any given sample moment provides only a snapshot of a constantly changing ecosystem. Therefore, we can only make assumptions on the true dynamical changes that have occurred over time. Second, we were able to analyze 84% of samples, and only 15% of samples from the earliest time point limiting the statistical power to detect potential bacterial drivers of the observed differences between respiratory microbiota development of C-section and vaginally delivered infants.

5. Conclusion {#s0090}
=============

In conclusion, the respiratory microbiota in neonatal life develops from an initially maternally or environmentally transmitted mixed flora via *S. viridans* to *S. aureus* dominance, followed by differentiation into one of several niche-specific microbiota profiles after one week of age. Mode of delivery affected early respiratory microbiota development significantly, especially the timing of seeding and the abundance of potentially protective commensals. These effects on early microbiota development may be an important clue for the role of the microbiota in respiratory health later in life, which therefore deserves further investigation.
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![Microbial profiles from birth till 6 months of age.\
(a) Origin of samples collected postpartum. Genera present in the samples collected postpartum (n = 16) were coloured based on the presumed niches of origin (as known in literature), i.e. intestinal (blue), vaginal (purple), airways or oral (orange), skin or environmental sources (green) and unknown (grey). Samples were divided by the mode of delivery.\
(b) Relative abundances of the 15 most abundant oligotypes are depicted for all samples per sampling moment.\
(c) Relative abundance of the 15 most abundant oligotypes for either children born by C-section (left) or vaginal birth (right) per sampling moment.\
Abbreviation: CS = C-section born children, Vag = vaginally born children. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr1){#f0005}

![Microbial succession patterns during the first six months of life.\
In order to gain more insight into microbial succession patterns, we tracked the children over time to follow their time path from one cluster at a certain time point to the same or another cluster at the consecutive time point.\
(a) Heatmap showing per time point the percentile of children that belonged to each of the 11 clusters found.\
(b) and (c) Graphic representation of the flow of children between clusters over time. By using co-regularized spectral clustering, we obtained per cluster a probabilistic likelihood (between zero and one) that a child belonged to this cluster. The higher the probability score, the higher the assignment of a child to a cluster. By depicting this for every child per time point, we were able to track cluster switching over time. The bars depict the clusters per time point (e.g. postpartum, day one), and the size of the bar represents the number of children belonging to that cluster. The surface between one cluster at a certain time point and the adjacent time point indicate the movements of children from that cluster to another. Panel b shows the movement of children over time when using a cut-off of the probabilistic score of 0.5. In panel c the cut-off of 0.8 is used and additionally the mode of delivery is depicted (pink surface between clusters = vaginally born children, blue = C-section born children).\
Children that did not meet a value above the cut-off were put in the intermediate cluster (in panel b) or for convenience were left out of the figure (in panel c). Please note that since two adjacent time points fulfilling the criteria with a likelihood of \> 0.5 (b) or \> 0.8 (c) were required to track the switching between clusters, some cluster have a mismatch between "input"(left surface, going into a bar) and "output" (right side going to the next bars).\
Abbreviations; Staph, *Staphylococcus*; Jant, *Janthinobacterium*; Strep, *Streptococcus viridans*; ML, *Moraxella lincolnii*; Cor, *Corynebacterium*; Dolo, *Dolosigranulum*; Mor, *Moraxella*; HI, *Haemophilus influenzae*; INT, Intermediate cluster (children with a probabilistic likelihood \< 0.5). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr2){#f0010}

![Magnitude of relative change of the microbial profiles during the first six months of life.\
The L2 norm value is depicted for the change between the samples at age one week and two months (pink), two and four months (yellow) and four and six months of age (blue), respectively. A higher norm value indicates a higher magnitude of change between the time points. The children were sorted from a lower magnitude of change (left) to a higher magnitude of total change (right). Although there are inter-individual differences in change over time, the highest magnitude of change occurred in general during the first two months of life, followed by the two-four months of age time frame and the four-six months of age time frame (p \< 0.01 and p \< 0.0001 respectively as compared to week one-two months of age). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr3){#f0015}

![Time course analyses of biomarker species.\
Time-course behavior of (a) *S. aureus*, (b) *C. pseudodiphteriticum*/*propinquum*, (c) *D. pigrum*, (d) *S. viridans*, (e) *Gemella* sp., (f) *S. salivarius* based on mode of delivery in the overall cohort (panel a).\
Time-course behavior of (a) *S. aureus* and (b) *D. pigrum* in a subset of children comparing exclusively breastfed with exclusively formula-fed children (respectively n = 19 and n = 28 children) (panel b).](gr4){#f0020}
